Parvovirus-derived endogenous viral elements (EVEs) have been found in the genomes of many different animal species, resulting from integration events that may have occurred from more than 50 million years ago to much more recently. Here, we further investigate the properties of autonomous parvovirus EVEs and describe their relationships to contemporary viruses. While we did not find any intact capsid protein open reading frames in the integrated viral sequences, we examined three EVEs that were repaired to form full-length sequences with relatively few changes. These sequences were found in the genomes of Rattus norvegicus (brown rat), Mus spretus (Algerian mouse), and Apodemus sylvaticus (wood mouse). The R. norvegicus sequence was not present in the genomes of the closely related species R. rattus, R. tanezumi, R. exulans, and R. everetti, indicating that it was less than 2 million years old, and the M. spretus and A. sylvaticus sequences were not found in the published genomes of other mouse species, also indicating relatively recent insertions. The M. spretus VP2 sequence assembled into capsids, which had high thermal stability, bound the sialic acid N-acetylneuraminic acid, and entered murine L cells. The 3.89-Å structure of the M. spretus virus-like particles (VLPs), determined using cryo-electron microscopy, showed similarities to rodent and porcine parvovirus capsids. The repaired VP2 sequences from R. norvegicus and A. sylvaticus did not assemble as first prepared, but chimeras combining capsid surface loops from R. norvegicus with canine parvovirus assembled, allowing some of that capsid's structures and functions to be examined. IMPORTANCE Parvovirus endogenous viral elements (EVEs) that have been incorporated into the genomes of different animals represent remnants of the DNA sequences of ancient viruses that infected the ancestors of those animals millions of years ago, but we know little about their properties or how they differ from currently circulating parvoviruses. By expressing the capsid proteins of different parvovirus EVEs that were found integrated into the genomes of three different rodents, we can examine their structures and functions. A VP2 (major capsid protein) EVE sequence from a mouse genome assembled into capsids that had a similar structure and biophysical properties to extant parvoviruses and also bound sialic acids and entered rodent cells. Chimeras formed from combinations of canine parvovirus and portions of the parvovirus sequences from the brown rat genome allowed us to examine the structures and functions of the surface loops of that EVE capsid. on May 13, 2019 by guest http://jvi.asm.org/ Downloaded from FIG 4 Expression and assembly of chimeras constructed by combining BglII and PhoI restriction enzyme digestions of the R. norvegicus EVE with those of CPV-2. (A) Western blot showing capsid proteins chimeras or CPV-2 expressed in insect cells and stained with a polyclonal anti-CPV antibody. (B) Electron micrograph of CPV-2 VLPs showing assembled capsids. (C to H) Electron micrographs of chimeras between the R. norvegicus EVE and CPV-2, showing that capsid proteins do not assemble. Diagrams of the chimeras are also shown above each micrograph, with the VP2 gene divided at the BglII and PhoI restriction enzyme sites and the R. norvegicus EVE represented in green. Callaway et al.
E ndogenous viral elements (EVEs) are generated when viral nucleic acid is incorporated as DNA into the genome of a host organism. EVEs range in size from small gene fragments to whole viral genomes, and they serve as molecular "fossils" if integrated into germ line cell DNA and vertically transmitted from parent to offspring. EVEs have originated from many different families of viruses, with a high proportion being retroviral derived sequences, likely because retroviruses encode reverse transcriptase and integrase proteins that facilitate their integration into host DNA as part of their normal replication cycle. Of the non-retrovirus-derived EVEs, parvoviruses are well represented and likely originate from nonhomologous recombination of the viral DNA genome, possibly facilitated by the single-stranded DNA (ssDNA) nickase activity of the parvovirus replication protein named nonstructural protein 1 (NS1) or replication protein (Rep), which in its normal function creates single-stranded breaks in viral DNA but which can also can nick sequences within the host genome (1) (2) (3) (4) .
The Parvoviridae comprise a family of small ssDNA viruses with genomes of around 5,000 nucleotides. They infect many different animals, ranging from invertebrates to mammals, causing disease in many hosts and likely also causing subclinical infections in many others (5, 6) . The different subfamilies of Parvoviridae include the parvoviruses (Parvovirinae) and the densoviruses (Densovirinae) (5) . The genomes of the parvoviruses contain two large genes and a variety of smaller open reading frames expressed through alternative splicing or through the use of small transcription units. One large gene encodes the nonstructural protein (NS1 or Rep), which becomes covalently attached to the 5= end of linear viral ssDNA as well as to double-stranded genome intermediates. Other NS1 functions include acting as a helicase and a site-specific DNA nickase, as well as controlling gene expression from viral and other promoters. Smaller versions of NS1 or Rep are formed through internal initiation of translation or alternative splicing of the viral mRNA, forming proteins that may perform a subset of the functions of the large protein or which provide additional functions such as assisting in viral capsid transport within cells (7) (8) (9) (10) . The capsid proteins are designated virus protein (VP) or capsid protein (Cap), depending on the virus, and are encoded by a large open reading frame within the right-hand side of the genome. There are a number of capsid protein variants, including a smaller version (VP2 in the autonomous parvoviruses) of 60 to 70 kDa which self-assembles into a stable Tϭ1 capsid (11) (12) (13) . The largest capsid protein (VP1) contains the complete sequence of VP2 but has an additional sequence (of various lengths between 140 and 250 residues) at the N terminus. VP1 is incorporated into the capsids in various but small amounts (around 10%) in a manner that is structurally equivalent to VP2. The N-terminal unique region of VP1 is packaged within the capsid when first assembled and provides functions required for cell infection, including phospholipase A2 enzyme activity and a nuclear import motif (14, 15) . The noncoding regions of the viruses contain promoters for expression of one or more of the viral transcripts, polyadenylation sites, transcriptional regulatory sequences, sequences involved in DNA replication, and the viral genomic termini, which contain terminal repeats that form hairpin or cruciform structures and allow the replication of the viral DNA by host cell DNA polymerases and NS1 or Rep (16) (17) (18) (19) .
Here, we investigate the properties of some of the many endogenous parvovirus sequences that have integrated into the genomes of different animals. Some of these sequences are ancient, dating to 50 million years old or older based on their orthologous positions in the genomes of divergent species (1, (20) (21) (22) . In other cases, the sequences have thus far only been found in the genomes of single animal species, suggesting either that they were integrated after the divergence of the last common ancestral animal for which sequences are available or that the integrated copies were deleted from other genomes (21, 22) . Parvovirus EVEs most likely derive from nonhomologous recombination of ancient parvoviruses into germ cell genomes, perhaps facilitated by single-stranded breaks created by the nickase function of the NS1 or Rep (1). Retrovirus-derived sequences or transposable elements flank some parvovirus insertions, suggesting that the instability of regions containing transposons or retro-transposons may also facilitate the insertion of parvovirus or other DNA into host genomes (22) . Parvovirus EVEs generally resemble host noncoding DNA or pseudogenes, showing degeneration that is proportional to the length of time they have been integrated, and most do not contain long intact open reading frames due to the presence of base mutations or deletions or insertions of various sizes that result in stop codons or frameshifts within the remaining sequence (20) (21) (22) . A small minority of parvovirus EVEs, however, contain intact open reading frames, suggesting that some insertions may be of benefit to the host and under selection to maintain the open reading frame (20, 22) .
Although the presence of parvovirus-derived EVE sequences in eukaryotic genomes has been recognized for a number of years and more are being found regularly as new genome sequences are obtained, we know little about their biology or whether they play roles in the functions or evolutionary success of their hosts. There has been relatively little analysis of their properties and how they may relate to contemporary viruses or what they tell us about the deeper evolutionary history of the parvoviruses. Here, we examined three parvovirus-derived EVEs that are present in rodent genomes, described their relationships to other members of the parvovirus family, and examined some of their capsid structures and functions. The three VP2-related sequences examined are related to extant viruses and were repaired to give intact open reading frames. The proteins were tested for their ability to assemble into capsids or to be expressed as domains on virus-like particles (VLPs).
RESULTS
Genome mining, examination of hosts related to Rattus norvegicus, and reconstitution of parvovirus EVE capsid genes. Whole-genome shotgun (WGS) sequence data of 171 mammalian species (see Data Sets S1 and S2 in the supplemental material) were screened to identify genomic sequences that (i) were derived from ancient viruses sufficiently closely related to modern protoparvoviruses so that they would be amenable to study using these viruses as a model and (ii) encoded complete capsid (VP2) genes. We identified three distinct sequences matching these criteria in the genomes of the brown rat (Rattus norvegicus), Algerian mouse (Mus spretus), and wood mouse (Apodemus sylvaticus). Each occupies a distinct genomic locus and can therefore be assumed to have arisen independently. Critically, phylogenetic reconstructions grouped all three of these sequences together with extant protoparvoviruses in a robustly supported monophyletic clade ( Fig. 1A) . A few additional sequences disclosing homology to protoparvoviruses were identified in the genomes of rodents, marsupials, and afrotherians (Data Set S2). However, all of these sequences represented only short fragments of VP or were only distantly related to contemporary protoparvoviruses.
The VP2 sequences from all three EVEs contained insertions or deletions that resulted in frameshifts. The A. sylvaticus sequence also contained a total of five in-frame stop codons and a stretch of 52 bases that appeared to be missing from the sequence when aligned with the most closely related viable parvoviruses ( Fig. 1B to D). To investigate when the R. norvegicus EVE integrated during Rattus speciation, we used PCR to screen for ϳ300-bp sequences of the EVE within the DNA of five species in the genus: R. rattus, R. tanezumi, R. exulans, and R. everetti, as well R. norvegicus as a positive control. We were able to recover sequences only from R. norvegicus, putting the age of that EVE insertion at less than 2 million years ago (Mya) (23) .
Notably, all three rodent EVEs were more closely related to protoparvoviruses isolated from nonrodent host species than to any that have been found in rodents. Canine parvovirus (CPV) is the extant parvovirus most closely related to the R. norvegicus EVE, with their VP2 sequences sharing 68.4% amino acid identity. Most of the differences between CPV and the R. norvegicus EVE protein sequences were located on exterior capsid surface loops, while the ␤-strands and other sequences that form the interior surface of the parvovirus capsid were more conserved ( Fig. 2A ). The A. sylvaticus and M. spretus EVEs were both most closely related to porcine parvovirus (PPV), which infects swine, sharing 71.8% and 81.7% amino acid sequence identity with VP2 of that virus, respectively. Most differences between the A. sylvaticus or M. spretus EVEs and PPV also occurred in the capsid exterior surface loops, while sequences making up the interior structures of the capsids were more conserved ( Fig. 2B and C) .
VP2 expression and capsid assembly. After repairing each sequence, the complete VP2 genes were synthesized and inserted into expression plasmids for transfec- tion into mammalian cells or baculovirus expression in insect cells. When the repaired R. norvegicus VP2 sequence was expressed in the HEK293 human-derived cell line, protein expression occurred only at low levels. However, a VP2-like protein was detected in transfected cells by both immunofluorescence assays and Western blots with a rabbit polyclonal antibody prepared against the capsids of feline panleukopenia virus (FPV), which is closely related to CPV. However, electron microscopy of purified samples showed no virus-like particles (VLPs) (data not shown). Baculovirus expression of the R. norvegicus VP2 gene produced higher levels of protein expression, but the capsid protein appeared degraded, indicating a lack of assembly (Fig. 3A) , and electron microscopy of purified samples from insect cells also showed no VLPs (Fig. 3C ).
M. spretus and A. sylvaticus VP2 EVE sequences were also expressed in insect cells, and while both EVEs produced capsid proteins that were recognized by a polyclonal antibody produced against SDS-denatured CPV capsids in a Western blot ( Fig. 3A) , only the M. spretus EVE VP2 assembled into capsids ( Fig. 3D and E) .
R. norvegicus EVE/CPV capsid sequence chimeras. We created chimeric VP2s consisting of the CPV VP2 gene with segments replaced by equivalent sequences from the R. norvegicus EVE. Initial chimeras used restriction enzyme sites shared between the CPV and R. norvegicus EVE sequences to divide VP2 approximately into thirds, and those sequences were ligated together in all 6 possible combinations and expressed in insect cells ( Fig. 4 ). While each of the chimeras expressed protein (Fig. 4A ), most showed altered molecular weight products, suggestive of protein expression but degradation. Negative stain electron microscopy of purified fractions also revealed no capsids ( Fig.  4C to H).
A second set of chimeras had the individual exterior surface loops from the CPV-2 replaced with the corresponding sequence of the R. norvegicus EVE ( Fig. 5A and B ). In the parvovirus capsid structure, there are 4 loops inserted between the ␤-strands of the ␤-barrel or jelly roll structure. Those are labeled loops B-C (loop 1), E-F (loop 2), the first half of the G-H loop (loop 3), the second part of the G-H loop (loop 4), as well as the end of loop I to the C terminus, which we labeled loop 5 (24) ( Fig. 5A and B ). Chimeras with individual surface loop substitutions were expressed in insect cells, and capsids were purified where present and examined using negative stain electron microscopy ( Fig. 5C and D) . Chimeras containing each of the R. norvegicus EVE surface loops 2, 3, 4, or 5 individually assembled into capsids, but assembly was not seen for those containing surface loop 1 (Fig. 5D) . A chimera containing all five surface loops also failed to assemble into VLPs (data not shown), likely because it contained surface loop 1.
We purified VLPs of chimeras containing individual R. norvegicus surface loops 2, 3, 4, or 5, incubated them with either Norden laboratory feline kidney (NLFK) cells (which support CPV infection) or murine L cells, and measured uptake. The NLFK and L cells were chosen as being similar to the feline and rodent hosts that the different viruses 
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Journal of Virology in the chimeras were associated with. The loop 2, 3, or 4 chimeras each replaced a CPV surface loop associated with binding to the transferrin receptor type-1 (TfR), the natural receptor for CPV capsids (25) . These chimeras either did not enter NLFK cells (loop 2 and 4 chimeras) or displayed an altered pattern of uptake, where VLPs did not colocalize with the TfR (loop 3 chimeras) ( Fig. 6A ). Loop 5 chimeric capsids showed the same pattern of uptake by NLFK cells as CPV capsids, suggesting that they bind to the TfR (Fig. 6A ). While CPV VLPs or loop 2, 4, or 5 chimeras did not bind or enter L cells, loop 3 chimeras did (Fig. 6B) , indicating that the loop contains the receptor binding site for the R. norvegicus EVE. M. spretus EVE capsid structure and function. The M. spretus VLPs were very stable, with an average melting temperature of 82°C when tested for temperature stability by differential scanning fluorimetry (DSF) ( Fig. 7A and B) . While changing the pH from 7.4 to 5.5 increased the melting temperature of CPV-2 VLPs by approximately 6°C, that of the M. spretus VLPs was not affected by the altered pH. The derivative curves from M. spretus VLPs did, however, show a minor peak that was affected by changes in pH (Fig. 7A) , which may represent a transition in that capsid structure prior to full disassembly. The M. spretus VLPs also formed fewer low-molecular-weight proteolytic cleavage products than CPV-2 VLP controls ( Fig. 7C and D) .
Fluorescently labeled M. spretus capsids bound and entered murine L cells and accumulated in a perinuclear location, indicating endocytosis, and were also able to enter feline NLFK cells (Fig. 7E ). M. spretus capsids hemagglutinated mouse erythrocytes (Fig. 7F) , which contained over 97% N-acetylneuraminic acid (Neu5Ac) ( Table 1) . Neuraminidase treatment of those erythrocytes eliminated hemagglutination by the capsids (Fig. 7F) , showing that the binding was to sialic acids.
We determined the structure of the M. spretus EVE VLP at a resolution of 3.89 Å using cryo-electron microscopy (cryo-EM) ( Fig. 8) . Superimposing that structure with the capsid structures of minute virus of mice (MVM) strains MVMi and MVMp, porcine parvovirus (PPV), or CPV showed that the M. spretus capsid resembled those of other protoparvoviruses, with a conserved ␤-barrel structure that made up the core of the assembled capsid and large loops forming most of the exterior surface ( Fig. 8B ). There was a pocket within the dimple of the capsid, near the 2-fold axis, which was similar to the sialic acid binding sites identified for other parvoviruses (26) (27) (28) (29) (Fig. 8C ). However, compared to that in the CPV structure, the binding site lacks a conserved glutamic acid residue (Glu396) (Fig. 8D) , which is associated with CPV sialic acid binding (29) .
DISCUSSION
The initial discovery of integrated sequences related to autonomous parvoviruses in the genomes of various animals was unexpected, as these viruses do not pass through an integrated stage in their life cycles. However, it is now clear that numerous animal genomes contain one or more integrated parvovirus sequences and that most represent viral DNA remnants that became integrated into the genomes of their ancestral hosts hundreds of thousands to millions of years ago (1, (20) (21) (22) . Whether these integrated sequences benefit the host or play any biological role is still not known. While endogenized sequences of some other viruses have been coopted for host functions or can act to protect against viral infection (30) (31) (32) (33) , the degenerated state of the inserted parvoviral genes examined here suggests that they are not likely to have functions requiring intact viral proteins or larger peptides. In other systems, integrated viral sequences have functions that are associated with short RNAs or peptide sequences (34, 35) , but such functions have not yet been associated with parvovirus integrated sequences. the murid rodents that contained EVEs (A. sylvaticus and M. spretus), there are a number of whole-genome sequences from closely related animals available, but none contain orthologs of the EVE insertions examined here. Furthermore, the sites corresponding to the M. spretus and A. sylvaticus EVE insertions in these related species showed no evidence of rearrangement or of integrated sequences, making it unlikely that the insertions were lost from those mice. This indicates that these EVEs were each acquired within the last few million years, since the speciation of those mice. There are few genomic sequences of rats closely related to R. norvegicus in databases, and so we examined DNA extracted from the tissues of four closely related rodents for the R. norvegicus EVE sequence. We did not find that sequence in the DNA of any of the other Rattus species examined, indicating that the R. norvegicus EVE was likely acquired less than 2 million years ago. Neither the R. norvegicus nor A. sylvaticus VP2 proteins assembled into capsids when first expressed in the repaired form that we prepared. The A. sylvaticus VP2 sequence contained a relatively large 52-base (17 residue) deletion in the N terminus of the VP2 structure that we filled in with nucleotides from the corresponding region of the M. spretus EVE, and incompatible residues within that sequence may have prevented capsid assembly. However, it is also possible that other mutations within the A. sylvaticus or R. norvegicus EVE sequences or our other repair sequences prevented assembly. Studies with extant parvoviruses show that single point mutations within the major capsid protein can block capsid assembly, especially when they occur within the well-conserved residues that form the interior of the capsid or are near the 5-fold axis (36) (37) (38) (39) . Expressing many of the less conserved exterior surface loops in place of the equivalent sequences of the CPV capsid allowed the chimeras to assemble (Fig. 4) . However, when we simply replaced thirds of the VP2 sequence of CPV with the equivalent repaired sequences from the R. norvegicus EVE, all replacements prevented capsids from assembling, showing either that all three regions contain mutations that prevent capsid assembly or that the mismatch between the EVE and CPV sequences creates that effect.
The R. norvegicus/CPV chimera containing all 5 EVE surface loops also failed to assemble into capsids, likely because it contained surface loop 1 from the EVE, which prevented capsid assembly when it was used alone to replace the corresponding region in the CPV VP2. The loop 3 chimera altered the uptake of VLPs by feline and murine cells ( Fig. 6 ), suggesting that the loop 3 substitution prevented the chimeric VLPs from binding the feline TfR. Those chimeric VLPs did enter both feline and murine cells, which apparently share a receptor that mediates uptake of these VLPs. Chimeric VLPs with loop 2 or 4 substitutions were not taken up by feline cells. This is unsurprising, as loop 2 has been directly implicated in binding to the feline TfR, and loop 4 substitution, which replaces a large portion of the capsid surface, likely altered the conformation of adjacent TfR binding surface loops.
The M. spretus EVE produced capsids directly after being repaired, and these capsids were highly stable at both neutral and endosomal pH. Minor peaks on the DSF curve might be the result of partial unfolding of the capsid or the disassociation of capsid subunits from the whole, either of which would expose hydrophobic residues and result in increased fluorescence. The structure of the M. spretus EVE capsids at a resolution of 3.89 Å confirmed that the capsid structure was very similar to those of other rodent and porcine parvoviruses, with some rearrangements of the variable surface loops, as is customarily seen when comparing these viruses (26, 40) . M. spretus capsids showed uptake patterns by murine cells that were similar to those of extant mouse parvoviruses, with capsids having a perinuclear localization 1 h after uptake (25) (Fig. 7) . Those capsids bind Neu5Ac sialic acids, which likely serve as a receptor for cellular uptake and infection, as has been seen for other rodent parvoviruses (40) .
In summary, the M. spretus EVE sequence assembled into VLPs which bound to sialic acids and entered mouse cells as expected, since the original virus presumably had rodents as the host range. The R. norvegicus EVE revealed some of the surface features of the ancient virus capsids. Studying these capsids provides an understanding of how parvoviruses have evolved over thousands or millions of years. It is still unknown whether endogenized parvovirus sequences provide any benefit to their hosts, and future experiments may reveal whether expression of truncated proteins or RNA from these sequences has any effect on the hosts or infecting viruses. host genomic sequence were selected for further analysis. A combination of automated procedures (MUSCLE [42, 43] and BLAST [44] ) and manual adjustments were used to align parvovirus EVEs to the most closely related extant virus sequences among a set of representative parvovirus genomes, allowing us to infer the likely ancestral open reading frames (ORFs). The original alignments were also used to construct phylogenies using maximum likelihood (ML) as implemented in RAxML (45) . The parameters for phylogenetic analysis were selected using ProtTest (46) .
Analysis of the viral sequences and reconstruction of open reading frames.
Three endogenized viral sequences with more or less full-length capsid protein genes derived from the genomes of R. norvegicus, M. spretus, and A. sylvaticus were chosen for protein expression. These sequences had relatively complete open reading frames and homology to contemporary infectious viruses. To repair the parvovirus EVEs, VP2 sequences were aligned with the sequences of a group of the most closely related contemporary infectious viruses, and the open reading frames were modified to remove stop codons and predicted insertions and deletions, recreating the open reading frame (diagrammed in Fig. 1 ). To repair likely deletions, we introduced an amino acid or sequence that was most similar to the consensus of the closely related contemporary viral sequences (see Data Set S3 in the supplemental material).
Identification of EVE sequences in DNA species related to R. norvegicus. To obtain more information about the possible presence of the sequence within the R. norvegicus genome, we obtained DNA from tissue samples from R. norvegicus laboratory rats, as well as from bio-banked samples of R. rattus, R. tanezumi, R. exulans, and R. everetti from the Field Museum of Natural History, Chicago ( Table  2 ). The R. norvegicus rats were not in our possession, and tissues were obtained from animals that had been euthanized in the course of other studies. DNA was extracted from tissues using a Tissue DNA extraction kit (Omega Bio-tek). Primers that recognized the EVE sequence were used to perform PCR (5=-AATGTATTGGTCGTATGCTTCGTCGTG-3= and 5=-CCCAACTTGGTCCGAAATC-3=), with a total of 100 g of DNA and 35 cycles of PCR with Q5 High Fidelity DNA polymerase (NEB). Primers that recognized a conserved region in retinol binding protein 3 (IRBP) were used as a positive control for PCR (5=-TCTCA GCTTCTGGAGGTC-3= and 5=-CTGCTGGCCCAGATACAGAG-3=).
Cells. Human embryonic kidney 293 (HEK293) cells, Sf9 (Spodoptera frugiperda) cells (Invitrogen), and High Five (Trichoplusia ni) cells (clone BTI-TN-551-4; Boyce Thompson Institute) were used in this study. HEK293 cells were grown in Dulbecco modified Eagle's medium (DMEM) with 10% fetal calf serum (FCS) at 37°C, Sf9 cells were grown in Grace's supplemented insect medium (Gibco) with 10% FCS at 28°C, and High Five cells were grown in Express5 serum-free medium (Gibco) at 28°C. Norden laboratory feline kidney (NLFK) cells (Norden Laboratories) and L cells (a murine fibroblast cell line obtained from the laboratory of John Parker, Cornell University) were also used in this study. NLFK cells were grown in 1:1 McCoy's/Lebovitz medium (Lonza) with 5% FCS at 37°C, and L cells were grown in Eagle's minimal essential medium (EMEM) (Lonza) with 10% FCS at 37°C.
Expression of endogenous viral element capsid proteins. The complete, repaired VP2 sequences were codon optimized for mammalian cell expression and synthesized along with the 12 bp preceding the start codon of canine parvovirus VP2 to favor protein expression. The R. norvegicus EVE sequence was then cloned into the pCDNA3.1(Ϫ) plasmid vector under the control of the cytomegalovirus (CMV) immediate early promoter for expression in HEK293 cells. The VP2 genes for all the EVEs were also cloned into the pFastBac1 plasmid (Invitrogen) under the control of the polyhedron promoter for baculovirus expression in High Five cells. Baculoviruses were prepared by transfection of bacmids into Sf9 cells, and then proteins prepared by inoculation of the viruses into High Five insect cells, as described previously (36) .
For VP2 capsid protein purification, HEK293 cells were collected 3 days after transfection with plasmids or 4 days after infection with baculovirus. Supernatants from transfected HEK293 cells were pelleted at 100,000 ϫ g for 2 h. Virus-like particles (VLPs) were purified from infected High Five cells as described previously (36) . The resulting fractions were examined via negative stain electron microscopy with 2% uranyl acetate to determine whether capsids were present.
Construction of R. norvegicus EVE/CPV-2 chimeric VP2 sequences. Some of the VP2 sequences did not assemble into capsids when expressed from plasmids after transfection into HEK293 cells or after infection of High Five cells with baculovirus expressing VP2 sequences. To examine the nature of any assembly defects in the R. norvegicus EVE VP2 gene sequence and to allow definition of the structures of the protein domains, we prepared recombinants that combined the R. norvegicus EVE VP2 sequence with that of the CPV-2 VP2 gene. The first set of chimeras were constructed by digesting the R. norvegicus EVE and CPV-2 VP2 genes with BglII and PhoI restriction enzymes (NEB), dividing the genes roughly into thirds, and ligating the sequences together in all 6 possible combinations, as shown in Fig. 4 . The second set of chimeras was created by cloning surface loops from the R. norvegicus EVE into the CPV-2 VP2 to 584]), as well as a chimera that contained all 5 surface loops. Capsid assembly for each set of chimeras was determined by purifying capsids as described above and performing negative stain electron microscopy with 2% uranyl acetate.
Examination of assembled capsid properties. The M. spretus EVE VLPs and wild-type CPV-2 VLPs were tested for stability using differential scanning fluorometry. For this, 2.5 g of VLPs in either phosphate-buffered saline (PBS; pH 7.4) or 0.1 M citric acid (pH 5.5) were combined with 2.5 l of 1% SYPRO orange dye (Life Technologies) in a total volume of 25 l and heated from 25°C to 95°C at a rate of 1°C/min using a StepOnePlus real-time PCR thermocycler (Applied Biosystems). Melting temperature was determined by taking the first derivative of the resulting curve and finding its maximum. Results from three independent experiments were analyzed via analysis of variance (ANOVA) using GraphPad Prism (v7.04; GraphPad Software, Inc.).
Purified CPV-2 and M. spretus EVE VLPs were separated on a 10% SDS-PAGE gel and either silver stained using a Pierce Silver Stain kit (Thermo) according to the manufacturer's instructions or transferred onto a nitrocellulose membrane and stained with a rabbit polyclonal anti-FPV primary antibody followed by a goat anti-rabbit horseradish peroxidase (HRP) secondary antibody and ECL Western Blotting substrate (Pierce).
Capsids were also tested for hemagglutination (HA) with mouse erythrocytes. Capsids were serially diluted 1:1 in 25 l of bis-Tris-buffered saline (BTBS), pH 6.2. Then, 50 l of 0.5% (vol/vol) mouse erythrocytes in BTBS were added, and mixtures were incubated at 4°C overnight. Neuraminidase (NA) treatment of erythrocytes involved overnight incubation at 37°C with 40 U of ␣-2,3,6,8,9 neuraminidase A (NEB) in PBS, pH 7.4. The sialic acid forms on mouse erythrocytes were analyzed after release using 2 M acetic acid at 80°C for 3 h and labeling with 1,2-diamino-4,5-methylenedioxybenzene (DMB; Sigma-Aldrich) for 2.5 h at 50°C (47) . High-pressure liquid chromatography (HPLC) analysis was performed using a Dionex UltiMate 3000 system with an Acclaim C 18 column (Thermo Fisher) under isocratic elution in 7% methanol, 7% acetonitrile, and 86% water. Sialic acid standards were bovine submaxillary mucin and commercial standards for Neu5Ac and N-glycolylneuraminic acid (Neu5Gc; Sigma-Aldrich).
Cell binding and uptake. M. spretus EVE VLPs were fluorescently labeled with Alexa 488 using Alexa Fluor 488 5-SDP ester (Life Technologies) according to the manufacturer's protocol. Twenty micrograms of capsids was added to mouse L cells seeded at 1 ϫ 10 5 cells/cm 2 on glass coverslips, and the cells were incubated for 1 h at 37°C. Cells were then fixed in 4% paraformaldehyde for 10 min, mounted on slides using ProLong Gold antifade mountant with DAPI (4=,6-diamidino-2-phenylindole; Life Technologies), and imaged using a Nikon TE300 epifluorescence microscope. Cell binding and uptake of loop 2 to loop 5 chimeric VLPs were determined by incubating 20 g/ml capsids with NLFK or L cells seeded at 2 ϫ 10 4 cells/cm 2 on coverslips. Cells were fixed with 4% paraformaldehyde for 10 min and then stained with a rabbit anti-FPV polyclonal antibody and a mouse anti-TfR monoclonal antibody (QB213080; Life Technologies), followed by staining with goat anti-rabbit Alexa 488 and/or goat anti-mouse Alexa 594 secondary antibodies. Cells were mounted on slides and imaged in the same way as for the M. spretus VLPs.
Cryo-EM. The M. spretus EVE sample was applied to glow-discharged Quantifoil EM grids (Electron Microscopy Sciences), which were blotted and vitrified in liquid ethane using an FEI Vitrobot Mark IV. Images were acquired on the Titan Krios G3 microscope (Thermo Fisher Scientific) operated with an accelerating voltage of 300 kV. An "Atlas" image was assembled from micrographs taken at ϫ165 magnification in linear mode on the Falcon 3ec direct electron detector, and suitable areas were selected for data collection. Automated data collection was setup using FEI's EPU software. Images were collected on the Falcon 3ec direct electron detector in counting mode using a nominal magnification of ϫ59,000, resulting in a calibrated pixel size of 1.136 Å. The microscope was operated with a 70-m condenser aperture and a 100-m objective aperture. Four nonoverlapping exposures per 2-m-diameter hole in a Quantifoil R 2/1 were acquired with the beam in parallel mode. Total dose per exposure was set at 45 e Ϫ /Å 2 .
We collected a total of 2,082 images and selected 6,432 particles for the final reconstruction. We used the structure of PPV as a model for building into the map, as the crystal structure of PPV VP2 (PDB identifier [ID] 1K3V) fit into the cryo-EM map with a correlation coefficient of 0.722 as measured by the Chimera Fit in Map program (48) . We substituted the sequence of PPV VP2 with the repaired M. spretus VP2 that had been expressed to prepare the VLPs using the program COOT (49) . The build was further refined using the PHENIX real space refine program (50) . The final build fit into the cryo-EM map with a correlation coefficient of 0.8781 and was validated using the Molprobity program (51, 52) .
SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI .01542-18.
SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
